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Abstract: With the rapid development of the time-sharing rental business model for electric vehicles,
the remote control speed of the electric vehicle terminals device, as the most important part of the
whole time-sharing rental business process, affects directly the integrity of the business process
and the using feelings of consumers. However, the traditional remote control system by using
general packet radio service (GPRS), 3G, and 4G long term evolution (LTE) wireless communication
methods responds longer and slower in weak signal area, which directly affects the user’s feeling and
management strength of platform management center for the electric vehicle. Therefore, in this paper,
(1) the acoustic communication technology as an auxiliary communication method is introduced in
the novel vehicle terminal; (2) In order to increase the anti-noise ability, “amplitude-shift keying (ASK)
+ frequency-shift keying (FSK)” compound modulation and “double microphone input” technology
are used in the vehicle terminal, which develops a novel vehicle terminal with the high anti-noise
acoustic wave communication function for the electric vehicle in time-sharing rental mode; and (3)
the mobile phone acoustic waves can be used by the proposed vehicle terminal to control the door of
electric vehicle, which provides a firm technical support for ensuring the fluency and completeness
of the whole process. Tests prove that the acoustic communication technology of the novel vehicle
terminal can realize the rapid response of the vehicle terminal, which effectively solves the problem of
a prolonged and slow response in the vehicle terminal of the electric vehicle in the weak signal area.

Keywords: electric vehicles; time-sharing rental; vehicle terminal; acoustic communication technology;
anti-noise

1. Introduction

The electric vehicles become more and more important in the future [1-5], with the increasing
of the environmental awareness in the energy consumption area [6]. With the promotion of electric
vehicles, the time-sharing rental business model with the electric vehicles as its carrier is developing
rapidly. Vehicle terminal, as an intermediary of management platform and electric vehicle, is the only
way to achieve remote monitoring, which is the main execution of the whole time-sharing business
process for electric vehicles. The remote control is the main function of the vehicle terminal, supporting
the time-sharing rental business process of electric vehicles. The responding speed affects the sense of
user experience directly [7].
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At present, in order to reduce the cost of communication, GPRS wireless communication is still
mainly used on electric vehicle terminal to exchange data with management platform in real time.
However, in the weak signal area, the response time of the electric vehicle terminal will become much
longer, which has a great influence on the controlling of the management platform and the experience
of users. In order to solve this problem, the main approach is to apply near-field communication [8,9]
such as Bluetooth [10-12], radio frequency identification/near-field communication (NFC/RFID) [13,14]
in vehicle terminal, leading to a balance and control between Bluetooth, NFC/RFID GPS, and global
system for mobile communications (GSM), which may help to achieve goals of automatic identification,
data acquisition and transmission, and remote real-time monitoring [15-18]. However, Bluetooth
communication has the compatibility problem of APP development. The credit card payment method
as NFC, RFID needs to increase the cost and management of card and other issues. It is urgent to
develop a near field communication mode with stronger compatibility, lower cost and more convenient
management to realize the fast response of vehicle terminal.

Acoustic wave communication is a kind of near field communication mode, which transmits
information by acoustic wave [19]. However, the study of acoustic communication started late,
the related technology rarely reported, mainly concentrated on the field of underwater acoustic
communications [20-23]. In 1945, the first underwater acoustic communication system was developed
by the US Navy’s underwater acoustic laboratory, which was mainly used for communication between
submarines. Since the 70s of last century, with the development of electronic technology and information
science, underwater acoustic communication technology has been switched from analog modulation
technology [24] to digital modulation technology [25]. The acoustic field of the Chinese Academy of
Sciences has studied the propagation of acoustic signals in the shallow sea, the adaptive matching
experiment of marine acoustic channel, and the underwater communication experiment is carried
out by using channel estimation and error correction code [26]. Harbin Engineering University has
designed methods like frequency hopping, multi frequency, multi frequency and phase modulation
mixing, adaptive discrete cosine transform (DCT) compression, vector quantization, and artificial neural
network compression. Xiamen University uses multi-frequency shift keying (MFSK) to modulate the
transmitted signal and detects the signal with the fast fourier transform (FFT) method [27]. Currently,
the Institute of Acoustics of the Chinese Academy of Sciences, Northwestern Polytechnic University,
Harbin Institute of Technology, Xiamen University, and other research institutions carried out research
on underwater acoustic communication [28,29], which promoted the acoustic communication to be an
effective near field communication technology.

At present, acoustic communication has become a popular way to realize near-field payment and
control by virtue of good development compatibility, low cost, high degree of integration with mobile
phone, and fast response. On the market, acoustic communications technology has been successfully
integrated into intelligent devices. Overseas mainly has two acoustic wave communication products,
which belong to Chirp and Zoosh. In China, the development of acoustic communication technology is
mainly based on Alibaba, which is used in the face-to-face payment function, and has not been applied
to vehicle terminals. In order to solve the problems of poor compatibility, high cost, and complicated
operation in traditional near field communication, it is necessary to introduce acoustic communication
technology to develop a new type of time-sharing rental vehicle terminal for electric vehicles.

This paper introduces the basic principle of acoustic communication, from the overall framework,
decoding module, acoustic noise reduction algorithm, control flow, and other aspects of the novel
vehicle terminal. The content of effective distance and anti-noise performance indicators were tested
by second chronograph to verify the performance of the novel vehicle terminal based on acoustic
communication technology for the time-sharing rental electric vehicles comparing with the traditional
GPRS communication technology in the same situations.
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2. Acoustic Communication System Model

The communication system can be divided into analog communication system and digital
communication system according to the signal processing technology. The acoustic communication
model involved in this paper is a digital communication system, and the model is shown in Figure 1.
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Figure 1. Digital communication system model.

Figure 1 is a digital communication system model, and the transmitter is composed of a source
encoder, source encryption device, error-correcting encoder, and modulation transmitter. The function
of the source is to realize the conversion of the outgoing message to the level signal. The signal output
from the source is the baseband signal, and then the baseband signal enters the source encryption
device and the error correction encoder with the appropriate conversion process to meet the needs
of channel transmission characteristics. During this process, the modulator modulates the signal
into the suitable frequency band and sends the modulated signal to the receiving end by the channel
transmission. Then the receiving end demodulator demodulates the received signal to obtain the
baseband signal, the baseband signal is error-corrected decoding to remove the signal redundancy, the
source decrypt the operation and send it to the sink, and the sink finally transforms the level signal
back to the original sending message.

As the model shown in Figure 1, the communication channel is air, the source is from the operation
instruction of the mobile user, the sink is the processor of the novel vehicle terminal, and the corresponding
remote control operation is executed according to the demodulated instruction information.

3. Novel Vehicle Terminal Based on Acoustic Communication Technology

In order to meet the needs of the time-sharing rental business, and achieve real-time monitoring
of electric vehicle operation and management platform for its access control, whistle and other remote
control. At the same time, the acoustic communication technology is applied in achieving rapid
response of the vehicle terminal to solve the problem of communication delay and enhance the user
experience. Therefore, it develops a novel time-sharing rental vehicle terminal for electric vehicle
based on acoustic communication technology in this paper. Specific material is as shown in Figure 2.

Figure 2. Object of time-sharing rental vehicle terminal for electric vehicle based on acoustic

communication technology.
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3.1. Overall Frame

The whole frame of the novel time-sharing rental vehicle terminal for electric vehicle based on
acoustic communication technology is shown in Figure 3, which includes power module, processor,
GPS module, GPRS module, double microphone, power amplifier module, input/output (I/O) interface,
controller area network (CAN) driver and on-board diagnostics (OBD) interface, and so on. When the
instruction is sent by the platform or the mobile phone directly sends out the instruction, the processor
analyzes the relevant instruction and transmits the signal to the related device in the vehicle through the
I/O interface and wire to realize the remote control of vehicle equipment. The function of monitoring
of vehicle status is achieved by obtaining vehicle operating status data provided by the OBD interface
under the CAN driving.
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Figure 3. Configuration of time-sharing rental vehicle terminal for an electric vehicle based on acoustic
communication technology.

Communication channels include GPRS and acoustic waves. GPRS communication channel is
composed of GPRS module, processor, and power module. The platform instruction is received by
GPRS module. The acoustic communication channel composed of the microphone, power amplifier
module, processor, and power module can send the control instruction directly through the mobile
phone, which is received by microphone.

3.2. Acoustic Demodulation Module

According to the digital communication system model, the core of signal processing is modulation
and demodulation. The acoustic modulation module is integrated into the APP in the form of SDK
package, and the acoustic demodulation module is installed in the processor of vehicle terminal.

3.2.1. “ASK + FSK” Compound Modulation Mode

The modulation and demodulation of the signal will affect its response speed, noise immunity;,
and other properties. According to the difference of the signal control sinusoidal carrier parameters of
digital baseband, the modulation methods of acoustic wave can be divided into three ways, such as
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amplitude-shift keying (ASK), phase-shift keying (PSK), and frequency-shift keying (FSK). For example,
ASK is used in AliPay to encode or decode, while chirp is the same.

In order to enhance the anti-noise ability of the acoustic communication technology basically,
this paper combined the advantages of ASK and FSK modulation methods, and proposed the
“ASK + FSK” compound modulation, that is, the frequency hopping was used to represent the
information of the transmitted signal.

When the sine wave of frequency f1 jumps to a sine wave of f; (f1 < f»), it indicates the state of
the code element being “1”. When the sine wave of frequency f, jumps to a sine wave of f1 (f1 <f»),
it indicates the state of the code element being “0”. The signal modulation waveform of the compound
modulated mode is shown in Figure 4. After filtering, the condition of triggering code element change
is judged according to the amplitude and duration of the jump component.
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Figure 4. Signal modulation waveform of integrated modulation mode.

By using this method, the effects of noise, jitter, and other false triggering can be reduced,
while anti-noise ability can be improved. Combining with the traditional data transmission verification
measurement, the complete data transmission can be realized. Thus, the acoustic communication can
be more secure and better user experience can be realized.

3.2.2. Modulation/Demodulation Process for Acoustic Communication

The acoustic communication model includes two parts: mobile phone and vehicle terminal.
The modulation/demodulation process of acoustic communication includes software token, sine wave
generation and coding, data buffer, speaker, microphone, data storage, decoding, and execution is as
shown in Figure 5.
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Figure 5. Communication process of acoustic wave.
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The software token is consisted of 6-bit decimal numbers called as TOTP (time-based one-time
password) passwords. Using the integrated SDK package in the mobile phone, the generated sine
wave is modulated into PCM (pulse code modulation) signal. The PCM signal is cached in the data
buffer. Finally, the PCM signal is played through the speaker.

The microphone obtains the recorded signal and stores the PCM signal in the data storage area.
After power amplification and filtering noise reduction, the PCM signal is decoded by compound
modulation, and the corresponding operation is performed according to the analytical results.

3.2.3. Noise Reduction Algorithm

In order to further improve the anti-noise ability, it is necessary to use the acoustic enhancement
algorithm to suppress the noise component in the acoustic wave to achieve the purpose and requirement
of noise suppression. The traditional single-microphone acoustic enhancement algorithm cannot
make full use of the spatial information of the acoustic signal, so that its performance is limited.
Thus, the microphone array associated with the double-microphone acoustic enhancement algorithm
appears [30]. Through receiving space acoustic wave signal from multi-microphone at the same time
and analyzing the position, it could accurately extract the target acoustic wave signal so as to achieve
the purpose of improving acoustic wave enhancement performance.

The acoustic wave signals from two microphones have a strong correlation, in which there is a
linear relationship between the phases, that is, the two-channel acoustic wave signal is a coherent
signal. However, the noise signals in the two microphones are irrelevant and their phases do not
exist directly. Double-acoustic wave enhancement algorithm is dealt by calculating the correlation
function. The signal with stronger coherence can be passed, and the signal with weak coherence will
be filtered out.

Specifically, if the amplitude of the correlation function is equal to or close to “1”, it means that
the signal is a speech signal, which can be passed through filter design so that the correlation function
is close to “1”. On the other hand, if the amplitude of the obtained correlation function is close to “0”,
it indicates that the signal is a noise signal, and the noise signal can be filtered by the filter design.
The flow chart based on the correlation function filter shown in Figure 6 can be obtained by the above
analysis [31].
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Figure 6. Correlation filter.

The two input signals, namely y; () and y(m), are converted into the relevant signals Y7 (w,k) and
Y, (w,k) respectively in the frequency domain after passing through a filter and after the windowing
Fourier transform process (Windowing + FFT). Then, the complex correlation function H(w,k) in the
frequency domain needs to be calculated, and the necessary function is obtained by the correlation
function device, so the input of the two signals through this filter can filter out the noise signal, so as
to get the required original signal £(m) in the frequency domain and x(m) in the time domain by
inverse fast Fourier transform (IFFT), and to a large extent to eliminate the noise of the communication
noise source.
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3.2.4. Other Modules

In order to realize the communication between the management platform and the vehicle terminal,
the developed vehicle terminal integrates the GPRS wireless communication module, which makes it
possible to control the vehicle access remotely and monitor the vehicle operation data in real-time.

GPS module provides the vehicle’s location and timing information, and transmits it to the
management platform in real time.

The power-supply module not only acts as a voltage conversion, but also plays a supporting role
in standby power. Through the OBD interface from the CAN bus to obtain the required power of the
vehicle terminal is the main power supply method. However, in practice found that if the electric
vehicle is in a dormant state, the battery power will be gradually depleted. In order to avoid the
sudden situation of losing battery power, the power module is added as an auxiliary buffer. Once the
power supply module is activated, a battery failure warning will be sent to remind the operation and
maintenance personnel in time.

3.3. Control Flow

Due to the fact that the communication mode of developed vehicle terminal includes two ways,
such as GPRS and acoustic communication (as shown in Figure 7), the corresponding control flow can
be realized in different ways under different circumstances. Specifically, two situations are included
as following.

(1) Users use the integrated APP with the acoustic wave communication function to send instructions.
Users can use the mobile phone to send the instructions of unlocking, locking, double flashing,
whistling, and others. The operation instructions can be controlled in two ways: (1) using the
4G network or the 3G network of mobile phone, the instructions are sent to the platform server.
After the server receives the corresponding instruction, it sends the corresponding vehicle terminal
through the GPRS channel. When the GPRS module of the vehicle terminal receives the message,
it parses the message protocol and judges whether the instruction is valid by comparing the
code. If valid, it indicates that the certification is successful and the certification success mark
is given, otherwise the fail result will be sent to the server by GPRS, and then remind users
and platform managers; and (2) mobile phone speakers emit acoustic information with TOTP
password. After receiving acoustic wave information from microphones, the vehicle terminal
decodes the acoustic wave information, and judges whether the instruction is valid by comparing
the password. If valid, it indicates that the certification is successful and the certification success
mark is given, otherwise there is no operation, and uses need to place an order again. When the
mark number of successfully certificating is 1 or more, by using I/O interface, the processor can
realize the action control of the corresponding vehicle according to instruction information.

(2) When the user in the underground garage with weak GPRS signal strength, users can use the
integrated APP with acoustic wave communication function to send instructions. Users use
the mobile phone to send the instructions of unlocking, locking, double flashing, whistling,
and others. Specifically, mobile phone speakers emit acoustic information with the TOTP
password. After receiving acoustic wave information from microphones, the vehicle terminal
decodes the acoustic wave information, and judges whether the instruction is valid by comparing
the password. If valid, the certification is successful, repeat the operation process of the latter
part in the first situation.
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Figure 7. Control process of time-sharing rental vehicle terminal for an electric vehicle based on acoustic
communication technology.

4. Performance Testing

The novel developed vehicle terminal was installed on the test vehicle, and the microphone was
installed under the hood, so as to have a water resistance as long as it did not affect the normal receiving
ability as shown in Figure 8.

Figure 8. Field test electric vehicle.
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4.1. Effective Distance Testing

In order to follow the only variable principle, the test vehicle was parked in a quiet environment
(no obvious noise) with good GPRS signal. The testing distance was changed, and then the control
button on the APP was pressed to send instruction for 20 times. After that, each operation time of the
controlling instruction was recorded successfully. However, the ratio of success time to press time was
called the success rate. Specific details are shown in Table 1.

Table 1. Success rate under quiet environment.

Test Distance Press Times Success Times Success Rate

5cm 20 19 100%
10 cm 20 20 100%
20 cm 20 20 100%
30 cm 20 20 100%
50 cm 20 20 100%
100 cm 20 20 100%
120 cm 20 17 85%
130 cm 20 17 85%
140 cm 20 16 80%
150 cm 20 14 70%
180 cm 20 10 50%
200 cm 20 2 10%

When the test distance was within 2 m, the success rate decreased gradually with increasing test
distance, and the success rate would be as low as 10% when reaching 2 m. To sum up, (1) the acoustic
wave communication distance of vehicle terminal was 1 m, and the effective distance was within the
user acceptance range; and (2) when the communication distance was 1 m or less, the probability of
successful operation was almost 100%; when communication distance was greater than 1 m, there was
a certain probability of successful operation, but relatively low.

4.2. Anti-Noise Test

According to Table 2, different noise backgrounds corresponded to different decibels. Therefore,
in order to study the anti-noise performance of the novel vehicle terminal, noise tests were carried out
in noise environments respectively such as 60, 70, 85, 95, 100, and 110 dB, and some data are shown
in Tables 3 and 4. In order to compare all data visually, the success rate for different decibels was
measured at different measurement distances, as shown in Figure 9.

Table 2. Correspondence between factual environment and noise decibel degree.

Decibel Environmental Characteristics

15 dB below Feel quiet

30 dB Whisper of volume

40 dB The buzz of the fridge

60 dB Normal conversation sound

70 dB Walk in the downtown area

85 dB Car on the road

95 dB Starting sound of motorcycle

100 dB The sound of the electric drill

110 dB The sound of Kara OK or loudly play MP3
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Table 3. Success rate under a noise environment of 70 dB.

Test Distance Press Times Success Times Success Rate
5cm 20 19 95%
10 cm 20 20 100%
20 cm 20 20 100%
30 cm 20 20 100%
50 cm 20 20 100%
100 cm 20 20 100%
120 cm 20 19 95%
130 cm 20 17 85%
140 cm 20 16 80%
150 cm 20 15 75%
180 cm 20 10 50%
200 cm 20 2 10%

Table 4. Success rate under a noise environment of 110 dB.

Test Distance Press Times Success Times Success Rate

5cm 20 20 100%
10 cm 20 20 100%
20 cm 20 20 100%
30 cm 20 20 100%
50 cm 20 20 100%
100 cm 20 20 100%
120 cm 20 18 90%
130 cm 20 17 85%
140 cm 20 17 85%
150 cm 20 15 75%
180 cm 20 10 50%
200 cm 20 2 10%
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Figure 9. Statistics of success rate under different decibel degrees and measurement distances.

It can be seen from Figure 9 that the success rate was higher than 95% at the effective distance
of 1 m with different noise. This shows that the frequency distribution and the degree of decibel in
different environments were different. However, under the effect of the modulation/demodulation
algorithm, the double acoustic wave enhancement algorithm and other noise reduction measurement,
the influence was reduced significantly.
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From the data in Table 3, Table 4, or Figure 9, it could be seen that the success rate decreased
beyond the effective distance of 1 m, but the trend of the success rate in different noise environments
was almost identical. This shows that the reason for the decay of success rate was affected by the test
distance instead of the noise condition.

In summary, the vehicle terminal for the time-sharing rental electric vehicle based on acoustic
communication technology had a high anti-noise ability, which could adapt to a variety of noise
environment, to ensure the fluency and integrity of the whole time-sharing rental business process to
lay a solid technical support.

5. Application

In order to verify the rapid response capability of vehicle terminal for time-sharing rental electric
vehicle based on acoustic communication technology, the vehicle terminal (recorded as A car) without
the acoustic communication technology and the vehicle terminal (recorded as B car) with the acoustic
communication technology are placed in the same weak signal area, such as the underground garage,
to compare their response time and effectiveness.

Two electric vehicles are parked in two underground parking garages for testing respectively,
one of the underground parking garage is an F1 building in a business district, the other one is an F1
building in a community. The GPRS intensity of two places is tested by using R&S’s network signal
special test instrument. After testing, the GPRS signal strength of two parking garages was —90 dBm
and —104 dBm. According to the device description of the signal number and the level of the received
level of the contrast relationship (show as in Table 5), the GPRS signal strength of F1 building in a
business district was relatively good, but not sufficient. The GPRS signal strength of F1 building in a
community was weak, but the GPRS signal was basically covered.

Table 5. The correlation between signal lattice and received level intensity.

Signal Lattice ~ Received Level Intensity

5 lattice > —91 dBm

4 lattice —91 to =101 dBm

3 lattice —101 to —103 dBm

2 lattice —103 to —107 dBm

1 lattice —107 to —113 dBm
No signal < -113 dBm

In this environment, mobile phones were used in two parking garages on the electric car electronic
lock to carry out five times the unlocking and locking operation and record the response time by the
second chronograph. The specific statistical results are shown in Tables 6 and 7.

Table 6. Test results of F1 building in a business district.

A Vehicle Operation Response Time B Vehicle Operation Response Time

1st shutting 1925 1st shutting 0.87s
1st unlocking 2.68s 1st unlocking 0.74s
2nd shutting failed 2nd shutting 0.69 s
2nd unlocking 1.58s 2nd unlocking 0.78 s
3rd shutting 1.98s 3rd shutting 0.81s
3rd unlocking 3.73s 3rd unlocking 0.75s
4th shutting failed 4th shutting 0.82s
4th unlocking 2.12s 4th unlocking 0.88s
5th shutting 2.87s 5th shutting 0.79 s

5th unlocking 2.39s 5th unlocking 0.86s
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Table 7. Test results of F1 building in a community.

A Vehicle Operation Response Time B Vehicle Operation Response Time

1st shutting 3.01s 1st shutting 0.71s
1st unlocking failed 1st unlocking 0.82s
2nd shutting failed 2nd shutting 0.75s
2nd unlocking 3.78s 2nd unlocking 0.79s
3rd shutting 492s 3rd shutting 0.73s
3rd unlocking failed 3rd unlocking 0.81s
4th shutting failed 4th shutting 0.78 s
4th unlocking 2.82s 4th unlocking 0.72s
5th shutting failed 5th shutting 0.81s
5th unlocking 3.16s 5th unlocking 0.83s

It can be seen from Tables 6 and 7 that the acoustic communication technology could realize the
rapid response of the vehicle terminal, which effectively solved the problem of prolonged and slow
response in the vehicle terminal of the electric vehicle in weak signal area.

6. Conclusions

Introducing acoustic communication technology as the auxiliary communication mode and
using the “ASK + FSK” complex modulation, with the anti-noise technology of “double microphone
input” combined, a time-sharing rental vehicle terminal with high noise immunity and acoustic
communication function was developed, and the effective distance was tested as well. The following
conclusions were obtained:

e The “ASK + FSK” compound modulation mode was adopted to reduce the influence of noise,
jitter, and other false triggering from the modulation/demodulation mode, so as to improve the
anti-noise ability.

e  Theacoustic enhancement technique of “double microphone input” was used to filter the correlated
weak background noise by using the correlation function to preserve the more coherent signals,
so as to achieve the purpose of noise reduction

e The maximum recommended communication distance of the developed vehicle terminal was
1 m, and the effective distance was within the acceptable range of the user, which could assist the
GPRS communication channel to solve the problem of the delay and slow the response caused by
the weak GPRS intensity, which enhanced the management platform of controlling the electric
vehicle and greatly enhanced the user experience.
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